It is hypothesized that brain network abnormalities in autism spectrum disorder (ASD) reflect local overconnectivity and long-range underconnectivity. However, this is not a consistent finding in recent studies, which could reflect the developmental nature and the heterogeneity of ASD. Here, we tested 565 ASD and 602 neurotypical (NT) males, and 91 ASD and 233 NT females using local functional connectivity density (lFCD) mapping and seed-voxel correlation analyses to assess how local and long-range connectivities differ in ASD. Compared with NT males, ASD males had lower and weaker age-related increases in thalamic lFCD, which were associated with symptoms of autism. Post-hoc seed-voxel correlation analyses for the thalamus cluster revealed stronger connectivity with auditory, somatosensory, motoric, and interoceptive cortices for ASD than for NT, both in males and in females, which decreased with age in both ASD and NT. These results document the disruption of local thalamic connectivity and dysregulation of thalamo-cortical networks, which might contribute to perceptual, motoric, and interoceptive impairments, and are also consistent with a developmental delay in functional connectivity in ASD.
Introduction
Autism spectrum disorder (ASD) is believed to result from an interaction between genetic, developmental, and environmental factors and has a current global prevalence of 1.5% in developed countries (Baxter et al. 2015) . In addition to deficits in social interactions and communication (Frith 1989 ) and the presence of restricted stereotypical behaviors, people with ASD also present deficits in emotional, sensorimotor, cognitive (Ozonoff et al. 1991) , and complex information processing (Minshew et al. 1997; Müller 2007 ). An early influential fMRI study reported that ASD subjects (N = 17) had hyperactivation in Wernicke's area, hypoactivation in Broca's area, and lower synchrony in the language network during language comprehension compared with neurotypical (NT) subjects (Just et al. 2004) . Such findings were interpreted to reflect "local" overconnectivity and "long-range" underconnectivity in ASD (Belmonte et al. 2004) . Studies on emotion processing in ASD supported the long-range underconnectivity of the fusiform face area (FFA), but contrary to the local overconnectivity hypothesis, local underconnectivity was also found within the FFA in ASD (Khan et al. 2013) . Whereas the early studies support the long-range underconnectivity hypothesis in ASD, results from a survey of 32 fMRI studies suggest that methodological choices may have impacted the long-range underconnectivity findings (Müller et al. 2011) .
"Resting-state" fMRI connectivity (rfMRI) studies support longrange underconnectivity among language regions (Cherkassky et al. 2006; Assaf et al. 2010; Abrams et al. 2013 ) and also among other brain regions (Monk et al. 2009; Weng et al. 2010; Anderson et al. 2011; Alaerts et al. 2014; Lee et al. 2016; von dem Hagen et al. 2013) in ASD. However, other rfMRI studies in ASD have demonstrated long-range overconnectivity between brain regions (Monk et al. 2009; Ebisch et al. 2011; Di Martino et al. 2011; Cerliani et al. 2015; Fishman et al. 2015) or no differences in longrange connectivity when compared with controls (Tyszka et al. 2014) . This lack of agreement likely reflects the modest sample size of the studies, the heterogeneity of ASD, and the increased variability of the resting-state condition in the presence of temporal changes in the degree of vigilance, arousal, and attention (Mason et al. 2007; Doucet et al. 2012; Liu and Duyn 2013; Shirer et al. 2012) .
There is less evidence for local overconnectivity in ASD, a hypothesis that has remained relatively understudied by rfMRI at the macroscopic level (i.e., among neighbor voxels) and unexplored at the microscopic level because human fMRI is not capable of measuring "local" connectivity at the cellular level -that of synapses, columns, and reentrant circuits therein. Postmortem brain studies are required to assess microconnectivity and few histological studies have been done in ASD, which reported disrupted cortical patterns that could contribute to impairments in cortical neurocircuitry (Ecker et al. 2017) . Recent rfMRI studies based on the regional homogeneity (ReHo) of the MRI signal reported both local under-and overconnectivity in different brain regions in ASD (Maximo et al. 2013; Itahashi et al. 2015; Dajani and Uddin 2016; Nair et al. 2017) . However, these studies were limited by small samples sizes (largest rfMRI study included 50 ASD participants). To overcome the limitations of small sample studies in ASD, the Autism Brain Imaging Data Exchange initiative (ABIDE I and II) aggregated rfMRI and structural brain imaging data from a total of 1026 ASD subjects and 1130 controls collected at different institutions around the world .
To tackle the overwhelming computational demands of large imaging datasets, we recently proposed local functional connectivity density (lFCD) mapping (Tomasi and Volkow 2010) , an ultrafast graph theory method that is ideal for quantifying local connectivity in large samples (Tomasi and Volkow 2011b , c, 2012a , 2012b , 2012d . The lFCD metric reflects the local hubness and energy demand of the brain tissue (Tomasi et al. 2013) . The lFCD has high gray matter (GM) sensitivity and specificity (Tomasi et al. 2016a) and is the most resilient of the functional connectivity (FC) metrics to temporal dynamics (Tomasi et al. 2016b ). Different to the popular hypothesis-driven seed-voxel correlation approach, data-driven lFCD does not require regional hypotheses (i.e., seed locations) and is ideal for exploratory studies in large datasets such as the ABIDE sample.
The goal of the present study is to test the local overconnectivity hypothesis at the macroscopic level using the lFCD metric in ASD subjects for the first time, capitalizing on the large sample of ASD and NT subjects of the ABIDE consortium. Based on recent findings of aberrant thalamic connectivity in 60 ASD children (Nair et al. 2015) , temporal and motor thalamo-cortical hyperconnectivity in 228 ASD subjects (Woodward et al. 2017) , and of increased subcortical-cortical connectivity in 166 ASD/ Asperger's subjects (Cerliani et al. 2015) , we hypothesized local thalamic underconnectivity and disrupted long-range thalamic connectivity with cortical regions (overconnectivity with sensory regions and underconnectivity with multimodal association cortices) in ASD. Because ASD may reflect atypical developmental trajectories and lateralization of white matter (WM) tracts in the brain (Travers et al. 2012) , we further hypothesized slower maturation and differential lateralization of the thalamic lFCD in ASD.
Materials and Methods

Subjects
No experimental activity with any involvement of human subjects took place at the author's institutions. Data were drawn from the ABIDE I and II, publicly available image repositories (http://fcon_1000.projects.nitrc.org/indi/abide/) of individuals with ASD and NT subjects contributed by 23 international sites. The participants provided written informed consent and were scanned according to procedures approved by the local Institutional Review Boards (IRB) at each institution. The data were shared with the approval of the local IRB at each institution. The Office of Human Subjects Research Protections at the National Institutes of Health (NIH) approved the study.
Whereas the full age range of subjects in the ABIDE samples is 7-70 years, we restricted the study to an age range of 7-40 years because some of the ABIDE sites include very few subjects in the upper age range (40-70 years), which may result in skewing of age and cognitive aging. The high prevalence of autism in men (6 times higher for men than women) and the skewed age distribution of the female sample could also prevent testing the slower maturation hypothesis in ASD. Thus, females and males were analyzed separately to assess potential group differences in developmental trajectories.
Only rfMRI datasets with full-brain coverage and without excessive head motion (mean framewise displacement, 〈FD〉 < 0.2 mm) (Van Dijk et al. 2012 ) from 565 ASD (15.3 ± 6.8 years old) and 602 NT (15.5 ± 6.4 years old; Table 1 ) males were included in the main study. There were no differences in age between groups (P = 0.63; t-test). The standard full intelligence quotient (FIQ) was lower for ASD subjects (FIQ = 106 ± 16) than for NT subjects (FIQ = 113 ± 12; P < 10 -15 ; t-test). The female sample included 91 ASD (15.5 ± 9.1 years) and 233 NT (14.2 ± 7.5 years) women. Some of the ABIDE sites include the Autism Diagnostic Observation Schedule (ADOS) (Lord et al. 2000) , a semistructured assessment of communication, social interactions, and play, and the Autism Diagnostic Interview Revised (ADI-R) (Rutter et al. 2008 ), a structured interview conducted with the parents of ASD individuals. The ADOS total was the most consistently captured score across the ABIDE sites and was documented for 491 of the ASD individuals (440 men and 51 women; ADOS total = 11.3 ± 3.9; ADOS total scores did not differ significantly between men and women; P = 0.86). The social interaction score was the most consistently captured of the ADI-R scores across the ABIDE sites and was documented for 478 of the ASD individuals (416 men and 62 women; ADI-R social total = 19.5 ± 5.5; ADI-R social total scores did not differ significantly between men and women; P = 0.90). Because different sites in the ABIDE consortium used different "resting-state" methodology (i.e., eyes open/close), we also studied a case-control-matched ABIDE subsample to avoid confounds arising from site-to-site differences. Specifically, we implemented a dissimilarity matrix procedure (Kaufman and Rousseeuw 1990) in R to create a case-control sample matching each ASD subject to an NT subject on the basis of age; this matching procedure was done within each site. The case-control-matched sample included 491 ASD (15.4 ± 6.3 years old) and 491 NT (15.7 ± 6.3 years old; Supplementary Table S1) males.
Image Preprocessing
Structural and functional MRI scans from all 2156 subjects were processed in the Biowulf cluster at NIH (https://hpc.nih.gov/). The FreeSurfer (version 5.3.0) software package (http://surfer.nmr.mgh. harvard.edu) (Fischl et al. 2002) was used to automatically segment anatomical MRI scans into cortical and subcortical GM structures. The University of Oxford's Center for Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL version 5.0; http://www.fmrib.ox.ac.uk/fsl) was used for image realignment (to correct for head motion with MCFLIRT, Motion Correction using FMRIB's Linear Image Registration Tool) and for spatial normalization to the MNI152 template using 3-mm isotropic voxels (with FLIRT, the FMRIB's Linear Image Registration Tool) (Jenkinson et al. 2002; Smith et al. 2004 ). All subsequent calculations ( Fig. 1) were carried using the interactive data language (IDL, ITT Visual Information Solutions, Boulder, CO).
Head Motion, Cerebrospinal Fluid, and WM Confounds FD was computed for every time point from head translations and rotations. A 50-mm radius was used to convert angle rotations to displacements. Scrubbing was used to remove time points excessively contaminated with motion. Specifically, time points were excluded if the root-mean-squared change of the blood oxygenation level-dependent (BOLD) signal from volume to volume was larger than 0.5% and FD > 0.5 mm (Power et al. 2012) . The number of time points removed per time series by scrubbing was not significantly different for ASD (1.1 ± 1.8; mean ± SD) than for NT males (1.0 ± 1.8; P = 0.34, t-test, 2-tailed).
Residual motion-related signal fluctuations were removed with multilinear regression using the 6-motion realignment parameters as regressors (Tomasi and Volkow 2010) . Unwanted baseline drifts and high-frequency (respiratory and cardiac) components in the MRI signal were attenuated usingft 0.01-0.1 Hz band-pass filtering. The first 4 time points of the rfMRI time series were removed to avoid non-equilibrium effects in the BOLD signal. Two additional image-preprocessing pipelines were implemented for the removal of nuisance signals that showed temporal correlation with the average signal in cerebrospinal fluid (CSF) and WM regions (computed using the freesurfer parcellations) and the whole-brain average signal (i.e., global signal regression; GSR) (Tomasi and Volkow 2010) .
Functional Connectivity Density Mapping
We computed the number of local connections at every voxel location, that is, the number of elements in the local FC cluster, using a "growing" algorithm written in IDL (Tomasi and Volkow 2010) . The Pearson correlation was used to assess the strength of the FC, R ij , between voxels i and j in the brain. A previously optimized correlation threshold R ij > 0.6 (Tomasi and Volkow 2010 , 2011c , 2011d ) was selected to ensure that significant correlations between time-varying signal fluctuations are corrected at P FWE < 0.05. A voxel (x j ) was added to the list of voxels functionally connected with × 0 only if it was adjacent to a voxel that was linked to × 0 by a continuous path of functionally connected voxels and R 0j > 0.6. This calculation was repeated for all brain voxels that were adjacent to those that belonged to the list of voxel functionally connected to × 0 in an iterative manner until no new voxels could be added to the list. Approximately, the procedure above captures degree (2) 22 (6) 109 (6) 102 (12) 0.14 (0.05) 0.14 (0.04) EMC 14 14 8 (1) 9 (1) 113 (9) 106 (0) 0.08 (0.04) 0.07 (0.03) ETH 22 7 24 (5) 22 (4) 113 (11) 110 (14) 0.09 (0.04) 0.10 (0.04) GU 25 32 11 (2) 11 (2) 112 (7) 120 (13) *ASD < NT: P < 0.05 (Rubinov and Sporns 2010) within 1-cm spherical volumes. Additionally, the lFCD was computed using a lower correlation threshold (R > 0.4) to assess the robustness of the findings to changes in the lFCD correlation threshold. Grand mean scaling was implemented for each of the pipelines to reduce the variability of the lFCD associated with MRI technology differences across research sites and to normalize its distribution (Tomasi and Volkow 2010) . Since the sensitivity to signal fluctuations and the Pearson correlation factors increase with signal-to-noise ratio (SNR) (DeDora et al. 2016), we assumed a linear approximation in which, like for the BOLD SNR, lFCD can be expressed as a product of independent factors for repetition time (TR), echo time (TE), voxel size, and coil/scanner/sequence (Craddock et al. 2013 ). These factors would be common to all subjects' rfMRI data collected by a research site, assuming that the MRI technology of the site was kept constant across subjects. Thus, a single scaling factor for each research site, 1/〈lFCD〉, reflecting the mean lFCD across subjects and voxels in the brain, would partially normalize the linear contributions of those variables to the lFCD across research sites. This procedure allowed us to merge lFCD datasets from different research sites, preserving the group differences in lFCD. Lastly, the logarithm of lFCD was computed to normalize the distribution of lFCD across subjects ( Fig. 2A ).
Sensitivity and Specificity
Two benchmarks were used to quantify the quality of the lFCD: "sensitivity," a true positive rate that gauges the proportion of lFCD in GM, and "specificity," a true negative rate that gauges the proportion of WM voxels with lower lFCD than the wholebrain average (Tomasi et al. 2016a ).
Amplitude of the Spontaneous Signal Fluctuations (ALFF)
The preprocessed time series were also used to map the amplitude of low-frequency fluctuations (ALFF) for all voxels in the brain. Specifically, the fast Fourier transform was used to compute ALFF as the average of the power spectrum's square root in the 0.01-0.10 Hz frequency bandwidth (Yang et al. 2007 ).
Seed-Voxel Correlations
The freesurfer partitions (wmparc) of the GM structures were also used to define seed regions corresponding to each individual subject for subsequent seed-voxel correlation analyses. Since the anterior thalamus demonstrated lower lFCD (i.e., local The logarithm of lFCD averaged across voxels in the whole thalamus, for ASD and NT (C, right). Image preprocessing includes WM and CSF signal covariates. lFCD was computed using a correlation threshold = 0.6. underconnectivity) for ASD than for NT, the whole thalamic partition from freesurfer was used as a seed region for subsequent seed-voxel correlation analyses. To assess the regional specificity of the findings, the cluster of voxels showing a significant difference in lFCD between ASD and NT was also used as a seed region for additional seed-voxel correlation analyses. The Pearson correlation between the time-varying signal of the seed and that of a given voxel was used to estimate the FC of the brain voxels with the thalamus seed [FC(THA)]. The Fisher transform was used to normalize the step-distributed correlation coefficients.
Laterality
We assessed the laterality of the lFCD and thalamic FC maps using a voxelwise approach (Tomasi and Volkow 2012c) . Briefly, maps with neurological convention (R: right is right) were additionally created by flipping the radiological maps (L) along the x-axis. Then, the strength of the right-left asymmetries was mapped voxel-by-voxel by using a laterality index, LI = (R -L) / (R + L) (Steinmetz 1996) . Negative LI values indicate leftward asymmetry and positive LI values indicate rightward asymmetry. The Fisher transform was used to normalize the stepdistributed LI values.
Statistical Analyses
The metrics (lFCD, LI, ALFF, and seed-voxel correlation maps) were spatially smoothed with a 4-mm Gaussian kernel using the statistical parametric mapping software (SPM8; Wellcome Department of Cognitive Neurology, London, UK). One-way analysis of variance (ANOVA) with age, FIQ, and FD covariates was implemented in SPM8 to map group differences and the effects of age, FIQ, and FD, independently for each metric and pipeline. Statistical significance was set as P FWE < 0.05, corrected for multiple comparisons at the cluster level with a family-wise error (FWE) correction on the basis of the SPM Gaussian random field theory. Unless otherwise specified in the text, a cluster-defining threshold, P < 0.001, and a minimum cluster size of 100 voxels were used in the corrections for multiple comparisons, following current reporting standards (Eklund et al. 2016 ). Brain regions were labeled according to the Automated Anatomical Labeling atlas and the Brodmann atlas, which are included in the MRIcro software (http://people.cas.sc. edu/rorden/mricron/index.html).
Results
Head motion was not significantly larger for ASD males (〈FD〉 = 0.084 ± 0.037 mm; mean ± standard deviation) than for NT males (〈FD〉 = 0.083 ± 0.037 mm; P > 0.45, t-test; Table 1 ). There were no significant differences in ALFF between ASD males and NT males in any brain region (P FWE > 0.05, FWE-corrected for multiple comparisons). GM sensitivity (NT: 53 ± 6%; ASD: 54 ± 6%) and specificity (NT: 83 ± 5%; ASD: 84 ± 5%) of the lFCD did not differ between male groups (P > 0.6, 2-tailed).
The lFCD computed with the GSR procedure led to spurious lFCD in WM and CSF, compared with lFCD computed without nuisance signal regression (either whole brain or from WM and CSF), (P FWE < 0.0001, corrected for multiple comparisons in the whole brain), consistent with our previous studies (Tomasi et al. 2016a ). The regression of signals in WM and CSF reduced the lFCD in precuneus, occipital, medial prefrontal, and cingulate cortices and in the thalamus (P FWE < 0.0001). Since nuisance signal regression did not alter the lFCD differences between the ASD and NT male groups in any brain region (P FWE > 0.05), here we report results for lFCD datasets computed after removal of signal fluctuations arising from WM and CSF.
Similarly, there was no significant difference in any brain region between lFCD datasets computed using high (R > 0.6) versus those computed using low (R > 0.4) correlation thresholds (P FWE > 0.05). Since the selection of the threshold did not alter significantly, the lFCD differences between ASD and NT male groups in any brain region (P FWE > 0.05), here we report results using the most conservative approach (R > 0.6). All statistical findings below were reproduced in the case-controlmatched sample (see Supplementary Material).
lFCD: Patterns
The average distribution of the lFCD across males was highly symmetrical and similar for NT and ASD ( Fig. 2A) . Specifically, the lFCD was high (1.3 < ln(lFCD) < 2) in the occipital cortex, superior and inferior parietal lobes, and default mode network regions (precuneus, angular gyrus, and the medial orbitofrontal and superior frontal cortex). The lFCD was moderate (0.7 < ln (lFCD) < 1.3) in the postcentral and precentral gyri, middle and anterior cingulate, lateral occipital, dorsolateral and inferior frontal cortices, and the posterior lobe of the cerebellum. The lFCD was low (ln(lFCD) < 0.7) in the thalamus, basal ganglia, superior and medial temporal cortices, temporal pole, insula, midbrain, pons, and the anterior lobe of the cerebellum (Fig. 2A) .
lFCD: Group Difference
Compared with the NT male group, the only brain region where the ASD male group had lower lFCD was in anterior thalamus (left and right, including ventral anterior and dorsomedial nuclei) after whole-brain corrections for multiple comparisons (P FWE < 0.005, Fig. 2B , Table 2 ; effect size: 0.09 < r < 0.15, df = 1162). Fig. 2C demonstrates the normal distribution of the average ln(lFCD) in the anterior thalamus across subjects (left panel), which was lower for ASD than for NT males (right panel). There was no brain region where ASD males had significantly greater lFCD than NT males. Group differences in thalamic ln(lFCD) between ASD and NT were not statistically significant in females (P = 0.55).
Age
Fig . 3A and Table 2 show that in males, brain maturation from 5 years to 40 years of age was associated with increased lFCD in several brain regions, comprising anterior and medial thalamus, primary visual cortex (BA 17), middle and posterior cingulum (BA 23 and 24), angular gyrus (BA 39), superior temporal (BA 22), paracentral lobule (BA 5), precentral (BA 6), and medial, middle, and superior frontal (BAs 6, 9, and 10) gyri. The agerelated lFCD increases in the anterior thalamus, anterior cerebellar lobe, calcarine cortex, superior temporal gyrus, orbitofrontal cortex, and left pars triangularis (P FWE < 0.001; 0.10 < r < 0.25, df = 1162) were more pronounced for the left than for the right brain hemisphere, and for NT than for ASD males. The scatter Pearson correlation between red data points and regression line) and for NT (black data points and regression line) and the group differences in the regression slope (P = 0.02). Statistical significance of age-related effects on lFCD across all subjects superimposed on an axial view of the brain (B, left). The age-related decreases of lFCD were maximal in bilateral putamen and did not show significant age-by-group interaction effects (B, right). plot in Fig. 3A exemplifies the linear increases in lFCD with age in the thalamus ROI, which were steeper for NT than for ASD males (P = 0.02). Conversely, in posterior cingulum, putamen, and orbitofrontal cortex, the lFCD decreased with age (P FWE < 0.001; Fig. 3 and Table 2 ; effect size: 0.22 < r < 0.28, df = 1162). The slope of the age-related lFCD decreases in these regions, however did not differ between ASD and NT males.
Laterality
Statistical analysis (ANOVA; conjunction NT and ASD) of the LI of the lFCD across all subjects revealed right-lateralization in inferior parietal cortex (BA 40), Rolandic operculum (BA 48), insula (BA 48), calcarine cortex (BA 17), supramarginal (BA 48), precentral (BA 6), middle and superior temporal (BAs 20, 21 and 41), and middle occipital (BA 18) and frontal (BA 46) gyri, and left-lateralization in medial orbitofrontal cortex (BA 10 and 11), anterior (BA 24) and posterior (BA 23) cingulum and precuneus (BA 31) (P FWE < 0.001; Fig. 4) . The trend toward a stronger rightlateralization of the lFCD in the inferior parietal cortex for the ASD than the NT male group did not reach significance (P FWE = 0.06; Fig. 4 ).
Associations With Clinical Outcomes
Linear regression analysis across subjects showed that the reduced lFCD in the whole thalamus was associated with increased ADOS total and with increased ADI-R social (P < 0.007; Fig. 5 ), such that the lower the lFCD in thalamus, the greater the severity of ASD symptoms and the greater the disruption in social behaviors. Fig. 6A shows that the thalamus seed (Fig. 6C) had bilateral positive FC with the cingulum, amygdala, caudate, globus pallidus, putamen, ventral tegmental area, hippocampus, parahippocampal and superior temporal gyri, insula, pons (Fig. 6A) , posterior lobe of cerebellum, vermis, and deep cerebellar nuclei (not shown). The negative FC of the thalamus was constrained to occipital regions (cuneus and lingual, fusiform, and superior and middle occipital gyri), and superior and inferior parietal cortices (Fig. 6A) . Compared with the NT male group, ASD males had stronger thalamic FC, bilaterally, in the middle temporal gyrus, insula, middle cingulum, supplementary motor area, and in the postcentral gyrus (P FWE < 0.004; Fig. 6B and Table 2 ; 0.14 < r < 0.18, df = 1162).
Seed-Voxel Correlations
As an example, Fig. 6D shows the normal distribution across subjects of the average FC between the thalamus (THA) and the middle temporal gyrus (MTG) and the stronger coupling between these regions for ASD than for NT male subjects. These regions also demonstrated significant age-related decreases in FC with thalamus (P FWE < 0.001; Fig. 6E and F) . Neither the age-related decreases of FC(THA) nor its LI index differs significantly for ASD and NT males. Comparable findings emerged from the anterior thalamic seed (P FWE < 0.004; Fig. S2 ). The connectivity of the anterior thalamus did not differ significantly from that of the whole thalamus in any brain region. Similar group differences on thalamic connectivity were found for females using a region-of-interest approach, which covered most clusters in Table 2 . Specifically, FC(THA) was averaged independently within 5 bilateral anatomical partitions of the MRI structure (postcentral, precentral, and middle temporal gyri, insula, and the banks of the superior temporal sulcus; from freesurfer's wmparc) for each individual subject (Fig. 7A) . Similar to males, ASD females exhibited hyperthalamic connectivity in postcentral, precentral, and middle temporal gyri, insula, and the banks of the superior temporal sulcus (P < 0.006) compared with NT females (Fig. 7B) . Except for the middle temporal gyrus, these regions also demonstrated age-related decreases in FC(THA) in females (R < -0.17; P < 0.002). In the banks of the superior temporal sulcus, middle temporal, precentral, and postcentral gyri, the age-related decreases of thalamic connectivity were blunted in ASD females compared with NT females (P < 0.04, 1-tailed; Fig. 7C ).
DISCUSSION
The underconnectivity hypothesis proposes a disruption of complex information processing in ASD (Belmonte et al. 2004; Just et al. 2004 ), a premise that has found inconsistent support during the last decade (Müller et al. 2011) , perhaps due to the heterogeneity of ASD (Masi et al. 2017) , combined with the small study samples and the lack of adequate methodology to measure local connectivity. Here, we take advantage of unusually large samples of 565 ASD and 602 NT males and of 91 ASD and 233 NT females to assess local connectivity in the brain using data-driven lFCD, and long-range connectivity using seed-voxel correlations. Contrary to the original hypothesis, we observed local underconnectivity in anterior thalamus and increased long-range connectivity of the thalamus with auditory, somatosensory, motoric, and interoceptive (insula) cortices and with parietal regions.
The thalamus, a subcortical-cortical relay that until recently had been mostly ignored by MRI studies on autism (Schuetze et al. 2016) , demonstrated the most striking of the FC abnormalities. In particular, the anterior thalamus, which encompasses the ventral anterior and dorsomedial nuclei that project to the prefrontal cortex and to primary/association visual, auditory, and somatosensory cortical areas (Behrens et al. 2003) , demonstrated lower lFCD for ASD than for NT. This region also showed increases in lFCD with aging that were more pronounced for NT than for ASD. A negative association between age and the long-range connectivity of the thalamus emerged from seed-voxel correlations in lateral cortical regions that show thalamic overconnectivity in ASD compared with NT. Importantly, reduced lFCD in the thalamus was associated with increasing symptoms of autism such that ASD subjects with increasing ADOS total and ADI-R social scores had decreased local connectivity in the thalamus. We had previously shown that regional lFCD correlates with regional brain glucose metabolism, which serves as a marker of brain activity (Tomasi et al. 2013) , and suggested that reduced lFCD might reflect disrupted neuronal thalamic activity. Indeed, using magnetic resonance spectroscopy (MRS), a recent study reported decreased N-acetyl Frequency count for the strength of the FC of the thalamus seed for ASD (red) and for NT (blue) males and the corresponding Gaussian curves that fit the data; the black Gaussian curve corresponds to all subjects. The bar plot insert exemplifies the group differences in FC between the thalamus (THA) and the medial temporal gyrus (MTG) (P < 0.001). E: Statistical significance of age-related decreases in the FC of the thalamus. F: The scatter plot illustrates the age-related decreases in the FC between the thalamus and the insula, which did not differ significantly between ASD (red) and NT (black). aspartate (NAA), which is a marker of neuronal integrity, in the thalamus of 47 ASD, which as for our study was associated with greater ASD symptom severity (Hegarty et al. 2018) . Also a study using positron emission tomography and 18 F-fludeoxyglucose reported reduced glucose metabolism in the thalamus of 17 ASD individuals (Haznedar et al. 2006) . Thus, our findings are consistent with a slower maturation of short-range thalamic connectivity and long-range thalamo-cortical connectivity in ASD that disrupts thalamic activity and might contribute to symptom severity in ASD.
The thalamus had higher FC with insula, somatosensory, motor, premotor, and auditory areas and the middle cingulum, which are brain regions involved in the neuroanatomy of social cognition (Adolphs 2001) , for ASD than for NT. This hyperconnectivity did not differ between the anterior seed and the whole-thalamus seed, suggesting that the effects were not specific to the anterior thalamus. Postmortem studies have associated some of these regions with the 3 core set of behaviors that are impaired in autism: social (superior temporal sulcus), language and communication (thalamus, superior temporal sulcus, and premotor cortex), and repetitive and stereotyped behaviors (thalamus) (Amaral et al. 2008) .
All of these regions showed age-related reductions in FC with the thalamus in both groups, consistent with the emergence of aging effects on the FC of the nigro-thalamo-cortical pathway (Tomasi and Volkow 2014a) . Our findings of increased long-range thalamo-cortical connectivity are consistent with prior findings reporting differences in thalamic connectivity between 79 ASD and 105 NT subjects of the ABIDE I sample (Baldwin et al. 2016) , increased subcortical-cortical connectivity in 166 ASD subjects (Cerliani et al. 2015) , increased thalamic connectivity in the right temporal lobe in 26 ASD children ) and in temporal and parietal cortices in 228 ASD subjects (Woodward et al. 2017) , and with increased connectivity between subcortical (thalamus and globus pallidus) and primary sensorimotor regions from the ABIDE I sample . Additionally, a recent study that evaluated thalamo-cortical FC reported thalamic overconnectivity, predominantly with limbic and sensorimotor regions (except for amygdala and occipital cortex), and underconnectivity with association cortices in 37 ASD children (Nair et al. 2015) . Our results are also consistent with findings of morphological abnormalities in the shape and surface area of the thalamus (Tsatsanis et al. 2003; Schuetze et al. 2016 ) and with FC abnormalities of the thalamus Schuetze et al. 2016) in ASD. However, additional systematic studies are needed to link the FC of the thalamus to its morphology. Intriguingly, a recent study reported reduced dynamics of resting network activity in adults with ASD (Watanabe and Rees 2017) . To the extent that the thalamus plays a critical role in orchestrating information flow throughout cortical networks (Sherman and Guillery 2011; Bell and Shine 2016) , one could hypothesize that disruptions in thalamic connectivity could underlie the overly stable neural dynamics observed in adults with ASD (Watanabe and Rees 2017) .
Genetic (Eapen 2011 ), developmental (Baron-Cohen et al. 1985 , and environmental (Risch et al. 2014 ) factors have been implicated in the abnormal growth and maturation of the autistic brain. Specifically, recent studies implicate genes involved in brain development such as those needed for axonal and dendritic growth and synaptogenesis (Toro et al. 2010 ; Hussman et al. 2011). Developmental anomalies in fetal and postnatal brain development, with early overgrowth (Courchesne et al. 2011) followed by a subsequently stunting in brain growth (Courchesne et al. 2011) , are implicated in the aberrant cortical organization and connectivity of the autistic brain. Environmental factors during pregnancy could also interfere with the normal development of the fetal brain in ASD (Lyall et al. 2016) .
Our results in ASD provide evidence of local underconnectivity at the macroscopic level in the anterior thalamus and of aberrant long-range thalamic connectivity characterized by a higher connectivity of the thalamus with auditory, somatosensory, premotor, and interoceptive and parietal regions. This disrupted pattern of thalamic connectivity in ASD is reminiscent to the one we observed in schizophrenia (Tomasi and Volkow 2014b) . Although ASD and schizophrenia are distinct disorders, studies have pointed to the convergence in their neurobiology (imbalance in excitation/inhibition signaling involving glutamatergic and GABAergic circuit dysfunction) and clinical presentation (social dysfunction, sensory abnormalities) (Foss-Feig et al. 2017) . Thus, our findings of thalamic local underconnectivity and disrupted thalamic long-range connectivity in ASD identify another neurobiological convergence between ASD and schizophrenia.
The group effects we detected are relatively small. Note that we were unable to reproduce the findings for any of the isolated 23 sites in the ABIDE dataset, which reflects the small size of the effects and highlights the importance of data-sharing initiatives such as ABIDE for detecting subtle effects in neuroimaging studies. We studied the left-right symmetry of the FC metrics in ASD and NT because core language areas that are essential for social communication showed left-lateralization in FC (Tomasi and Volkow 2012d) , and atypical brain lateralization could be one cause of disordered language development in autism (Herbert et al. 2005) . Despite our large sample size, we did not detect pronounced laterality differences in lFCD or FC (THA) metrics between the groups, which is inconsistent with the lateralization of the FC of language (Nielsen et al. 2014) , motor, and premotor areas Floris et al. 2016 ) that has been reported in ASD.
In our study, we corroborated the findings of long-range thalamic hyperconnectivity in ASD females that we observed in the male ASD group. However, we did not observe differences on local thalamic connectivity in the female ASD group. Although this could reflect the much smaller sample of female individuals with ASD than for the male cohort, we cannot rule out the possibility that they could reflect sex differences in neuropathology.
The voxelwise lFCD and thalamic FC metrics are based on spontaneous low-frequency fluctuations (0-0.1 Hz) in the BOLDfMRI signal. Like in fMRI, the macroscopic resting-state signals result from numerous cells (in the cortex, 3-mm isotropic voxels contain ∼7E+04 neurons and ∼25E+04 glial cells (Lent et al. 2012) ) and vessels can be affected by vascular confounds limiting the interpretability of the results. Thus, our finding of local underconnectivity in the thalamus does not negate the possibility that there might be microscopic overconnectivity in ASD. Although histological studies in postmortem brains of individuals with ASD have reported evidence consistent with increased synaptic neuronal connectivity in cortical brain regions (Hutsler and Zhang 2010; Zikopoulos and Barbas 2010) , an immunohistological study reported reduced levels of alpha7 and beta2 nicotinic receptor subunits in the thalamus, consistent with neuronal loss in ASD (Ray et al. 2005 ). Although we are interpreting the decreased thalamic lFCD to reflect reduced neuronal thalamic connectivity, we cannot rule out the possibility that increased synaptic neurocircuitry might interfere with signaling between local thalamic neuronal microcircuits resulting in reduced lFCD.
Our findings in the context of prior results provide strong evidence of disrupted long-range thalamo-cortical connectivity in ASD that is consistent with delayed developmental maturation. They also implicate the thalamus as a key region in the neuropathology of ASD that might contribute to deficits in social communication, sensory processing, and repetitive motor behaviors in ASD.
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